A resilient robot is a robot that can recover its function after the robot is partially damaged. In this paper, a study of an under-actuated resilient robot with closed loops and passive joints is presented. First, a prototype system was built, which serves as a study vehicle and is called R-Robot II for short. Second, the kinematics of the prototype robot R-Robot II, necessarily for the change of the robot structure in, was developed. Finally, the experimentation of the R-Robot II was carried out. The result shows that the desired resilient behavior of R-Robot II can be exhibited. The architecture of R-Robot II, along with the design of the mechanical modules and simulation, was reported elsewhere. This paper focuses on the physical realization of R-Robot II and on the experimentation.
I. INTRODUCTION
Resilience of machines was first elaborated in [21] . The name of resilient robot was perhaps first used in [4] , though there is no definition on the concept of resilience in their paper [4] . Definition of the resilience to a much broader dynamic system, including manufacturing system, service system and supply system, has been widely discussed in the literature [13] , [14] , [19] , [20] , and it is defined as an ability of the system to recover its original function, which has been lost due to the external and internal disturbances, with its own resource and energy within a required period of time and an affordable cost. A resilient system is thus with a prolonged life expectancy and is extremely useful in a situation that a system is vulnerable and/or impossible to repair and/or unaffordable cost to repair. For example, the Mars launch reconnaissance vehicle of NASA was unable to move due to a wheel that fell into an unexpected soft soil, and eventually the mission was halted [8] . It is noted that in this paper, repair is considered as an activity that needs external resource and energy [19] .
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Two similar concepts with the concept of resilience are robustness and reliability. In brief, reliability is the life expectancy of a system determined at the design stage, and robustness is the ability of a system to resist disturbances that however do not cause the structural change of the system [19] . In literature, resilience is sometimes included in robustness or reliability [14] , and robustness is included in resilience, particularly as the pre-stage of resilience [9] .
Robots are a dynamic system and have several types of conceptual structures from certain perspectives. First, a robot has degrees of freedom (DOF), which is defined as the number of motors or actuators needed to make every link have a definite motion under the rigid body assumption [18] . Second, a robot has serial or open-loop structure, parallel structure, and closed-loop structure [1] . Third, a robot can include active joint (i.e., motor or actuator), passive joint (i.e., two links that are jointed can have a relative rotation or translation or cylindrical motion), and a fixed joint (i.e., two links that are joined into a definite angle and have no any relative motion). Fourth, a robot can have servomotor or varying speed motor or constant velocity motor [3] , [12] , [10] . Fifth, a robot can have different distributions of actuators or motors over joints (i.e., different inputs and different outputs) [18] . Sixth, a robot may include elements that the friction VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ plays an active in actuating motion, e.g., a wheeled robot with the wheel contacting with the ground to create a stick between the wheel and ground, which is called pure rotation, stick-slip actuated robot [22] , [7] . Further, to a spatial robot, the end-effector has six degrees of freedom (DOF) (three rotations and three translations), and to a planar robot, the end-effector has three degrees of freedom (one rotation and two translations). To a serial structure, six motors are needed to make the end-effector to a motion of six degrees of freedom, while to a planar serial structure, three motors are needed to make the end-effector to a motion of three degrees of freedom. If the number of motors is less than six (three) in a serial spatial robot (in a serial planar robot), the robot is called under-actuated robot ( Fig. 1a ).
An under-actuated robot includes the link with no definite motion ( Fig. 1a , Link 3) from a point of view of kinematics (i.e., DOF is less than 3 for a serial planar robot; DOF is less than 6 for a serial spatial robot). However, the motion of the link with un-definite motion may be determined through close-looping in structure ( Fig. 1b ) and forcing such as inertial force, friction force or additional force ( Fig. 1c ). A care needs to be taken that a robot may be a hybrid structure [1] and can still be under-actuated if a branch of the structure is a serial structure with its DOF less than 6 (spatial) or less than 3 (planar).
According to [17] , the resilience of a robot can be attained by three approaches [16] , [17] : (1) changing the principle that governs the motion behavior of a robot, e.g., from walking to crawling for advancement; (2) changing the topology or configuration of a robot; (3) changing the state of a robot. In [6] , the three approaches are extended to five approaches; in addition to the foregoing three approaches, the other two approaches are: (4) changing the context of a robot, e.g., changing the way the robot interacts with the environment, and (5) changing the behavior of a robot, e.g., change the pair of states, from (state variable A, state variable B) to (state variable A, state variable C). In this paper, we consider the robot that may be under-actuated with a closed loop structure, fully-actuated with an open loop structure, or under-actuated with some components that have no definite motion.
In literature, self-reconfigurable robots are with the same capability of self-changing their configurations. For instance, CHOBIE designed by Michihiko KOSEKI belongs to a kind of lattice structure robot [5] . Each module in CHOBI has a sliding mechanism and can move forward with the translation of all modules. Although the lattice-structured robot is easy to realize self-reconfiguration, it has limitations in terms of the functionality of the robot. Conro designed by Andres Castano is a self-reconfigurable chain robot [2] . Conro modular robots can be reconfigured into different shapes, such as snake or quadruped, but their self-reconfiguration is a complex and slow process. SUPERBOT designed by Behnam Salemi of the University of Southern California uses a hybrid type structure [11] . A separate unit of SUPERBOT consists of two sub-modules and each with an anode joint and a cathode joint. This multi-sub-module bilateral system can enhance the self-reconfiguration performance of the robot system, but it has the disadvantage of poor mobility of independent units.
One of the important differences of self-reconfigurable robots in literature today other than the resilient robot developed in our work is that the former is composed of a set of active joints, while the latter (our robot) allows the passive joint and passive link, and subsequently closed loop with passive joint, in the robot. This feature improves the resilience of a robot in that if an active joint is broken to a passive joint, the whole robot may still work. It can be expected that the robot with this feature is with much lower cost than those self-reconfigurable robots which have all their joint modules active, meaning expensive servo-motors in there.
The remainder of this paper is structured as follows. Section II describes the architecture of a novel humanoid resilient robot. The kinematic analysis and simulation of the upper or lower arm of the robot are introduced in Section III. Section IV presents the physical realization of the module of the resilience robot and the test-bed. Section V presents the experimentation. Section VI is a conclusion.
II. ARCHITECTURE OF R-ROBOT II
R-robot II is a modular robot. It could have different configurations or shapes, e.g. humanoid robot, as shown in Fig. 2 . For each module, it has one male surface ( Fig. 3a ) and three female surfaces (Fig. 3c ). The detailed design of module can be found from our previous paper [15] .
In the module of R-robot II there is an electronic clutch that can connect and disconnect the motor with drive shaft in the module to realize the change of the status of a module among the active joint, passive joint and fixed joint. This design provides more possibilities when the modules connect each other to form a richer structure of a robot, compared with the existing self-reconfigurable robot in literature. It is noted that when forming a robot, the male surface of a module connects with a female surface of another module.
Back to Fig. 2 , it shows how a humanoid robot recovers from a damage. Fig. 2a shows the right half of a humanoid robot. The right arm of the robot should have four modules as the right leg. Yet, suppose the last module (M7') of the right arm is lost. In this case, to keep the function of the robot, the robot needs to move the last module (M7) on the right leg to the right arm replacing the lost module M7'.
To move the module M7 to M7', there are mainly three steps: (1) to connect the right arm with the right leg; (2) to connect module M7 with module M3; (3) to disconnect the right arm with the right leg at the module 6. After that, the change process or recovery process is completed. It is noted that in the first two steps, there are actually an infinite number of possibilities due to an infinite number of possibilities for the module M3 and module 7 to meet and to be assembled. However, to determine which possibility is the best is out of the scope of this paper. In the present paper, the situation is considered where a particular assembly positon and orientation for the module 3 and module 7 are given.
To a particular docking or assembly position and orientation for the module 3 and module 7, the kinematic analysis of the arm (M1-M3, 3R robot for short) and leg (M4-M7, 4R robot for short) is needed to find the joint angles of the sub-robots, respectively. With the joint angle information, the sub-robots can then bring the module 3 and module 7 to the assembly position and orientation to assemble them.
III. KINEMATIC ANALYSIS
In this section, a separate discussion on the upper arm or subrobot 3R and lower arm or sub-robot 4R is presented.
A. FORWARD KINEMATICS OF THE UPPER ARM
The D-H coordinate system is established on the upper arm (Fig. 4) . The axes of all the joints of the upper arm are perpendicular to the paper plane because the robot is a planner robot. According to the D-H coordinate system as established, all the link offset distances di (i=1, 2, 3) are 0, and so are the angle between any adjacent Z-axis, i.e., αi (i=1, 2, 3) is 0. The distance between any adjacent Z-axes is L1, L2, and L3, respectively and they are constants. The variables are the angles between any adjacent X-axes, i.e., θ, θ, θ, respectively. The upper arm extremity, i.e., the coordinate system {3} relative to the reference coordinate system {0}, can be expressed by
The following equations based on the elements of Equation (1) can be found, i.e.:
T 11 = −cθ 3 (sθ 1 sθ 2 − cθ 1 cθ 2 ) − sθ 3 (cθ 1 sθ 2 + cθ 2 sθ 1 ) T 12 = sθ 3 (sθ 1 sθ 2 − cθ 1 cθ 2 ) − cθ 3 (cθ 1 sθ 2 + cθ 2 sθ 1 )
where c represents the cosine function, and s represents the sine function.
The Robotic Toolbox in MATLAB was actually employed to solve the above equations. The 'Seriallink.plot' function of the Robotic Toolbox is used to visualize the result of the forward kinematic analysis (Fig. 5) .
B. INVERSE KINEMATICS OF THE UPPER ARM
In the change process for a resilient robot, the problem is: given the position and orientation of a module, find the joint angles of the sub-robot that drives this module. This problem refers to inverse kinematics of a robot.
Taking a particular situation as an example. In this situation, the angle of the mating surface of M3 with respect to the y0 of the global coordinate system is taken as 60 • (see Fig. 6 ). The origin of the local coordinate system {3} with respect to the global coordinate system {0} are 169.88mm and 87.24mm. The foregoing information can be written as a VOLUME 8, 2020 The joint angles of the links (θ 1 , θ 2 , θ 3 ) can be found from Equation (2), i.e.:
88mm cθ 3 (cθ 1 sθ 2 + cθ 2 sθ 1 ) − sθ 3 (sθ 1 sθ 2 − cθ 1 cθ 2 ) = sin 60 0 −cθ 3 (sθ 1 sθ 2 − cθ 1 cθ 2 ) − sθ 3 (cθ 1 sθ 2 + cθ 2 sθ 1 ) = cos 60 0 L 2 sθ 1 + L 3 (cθ 1 sθ 2 − cθ 2 sθ 1 ) = 87.24mm (4)
The above equation was solved in MATLAB. The result can be plotted with the function 'robot.plot'; see Fig. 7 .
C. FORWARD KINEMATICS OF THE LOWER ARM
The lower arm of the sub-robot is a 4R (Fig. 8a) . The D-H coordinate system is established on the lower arm, and the result is shown in Fig. 8b . The kinematic equation is shown 
In Equation (5), the joint angles are known, and by using the Robotic toolbox of MATLAB, the pose of the endeffector can be found. Fig. 9a plots the lower arm, and Fig. 9b shows adjusting the joint angle with the function 'SerialLink.teach'.
D. INVERSE KINEMATICS OF THE LOWER ARM
Corresponding to the particular situation as discussed for the upper arm, the pose of the docking plane of the module M7 is as follows (Fig. 10) : the orientation of M7 is 120 • , and the coordinates of the origin of the local coordinate system {4} with respect to the global coordinate system 
The 'ikine' function in the Robotic Toolbox was employed to solve the above inverse kinematics problem, resulting in the joint angles as T2 = [0.163, 0.291, 0.607, 1.034]. It is noted that this is one of the inverse kinematic solutions. Fig. 11 shows the plot of the result.
IV. PHYSICAL REALIZATION
The detailed design of the module can be found from our previous paper [Yuan] . Fig. 12 shows the module components fabricated by 3D printing. They can be assembled into function modules (Fig. 3) .
The logical diagram of all the components in the test-bed system is shown in Fig. 13 . In this figure, the component 'regulator module' is to stabilize the voltage out of the component 'power supply'. The 'power supply' drives the component of 'relay' in the microprocessor (MCU). The microprocessor has three parts to control the motor, wireless communication module, and electromagnetic clutch in the robot module, respectively. The MCU on one hand instructs the motor while on the other hand the potentiometer of the motor sends the signal back to the MCU, which is the angular displacement of the motor. It is noted that the communication between the robotic module and upper computer is via wireless. Bluetooth was used to transmit the information between the slave computer and the host computer. The test-bed system used in the upper computer was Arduino IDE. The angular displacement of the motor was sensed in real time via the serial monitor in the Arduino IDE (Nano3.0). As such, the negative feedback control of the DC motor was realized in the test-bed system. The electric circuit system is shown in Fig. 14. 
V. EXPERIMENTATION
The physical test-bed system is shown in Fig. 15 , where there is a host computer, the Arduino micro-controller, and modules of R-Robot II. 
A. SINGEL MODULE EXPERIMENT
The purpose of a single module testing is to confirm the proper functioning with the sensor and driver. To calibrate the sensor in the motor, the angular displacement ranges from 0 to 170 • without loss of generality, and five sets of data were collected. Table 1 shows the relationship between the measured voltage value from the sensor and the reading of the joint angle. A linear regression was then performed to get (8) where x stands for voltage value measured by sensor, and y stands for the joint angle. The connector has two states: expansion and shrinkage. The relationship of the two states with the data measured from the sensor is shown in Table 2 .
The result of the testing of the module is shown in Fig. 16 . Specifically, Fig. 16a shows the initial state of the module, at which, the joint angle of the module is 0 and the anode grapple is in the open state. At this time, the motor in the module actuates the anode grapple to the state of Fig. 16b , and then to the state of Fig. 16c , which is the extreme closed position. After that, rotate the joint module by 30 • to the state of Fig. 16d . At this time, the anode grapple is opened to its extreme open state of Fig. 16e . Finally, rotate the module in the opposite direction by 30 • and the module goes back to the initial state of Fig. 16a . Then the module's working condition test was completed. 
B. TWO-MODULE EXPERIMENT
This experiment is expected to test the docking and undocking process. Two modules were used in the experiment, one of which is an active module (left in Fig. 17 ) and the other is a passive module (right in Fig. 17 ). Fig. 17a shows the initial situation of the two modules. In Fig. 17b , the joint in the active module is rotated by 30 • and the module is contracted. Manually move the passive joint module close to the active joint module (Fig. 17c ). Fig. 17d shows that the active joint module successfully docks with the passive joint module. Fig. 17e shows the active joint module rotates the passive joint module to a certain orientation to demonstrate the strength of the connection. Fig. 17f shows the two modules are undocked to their initial situation.
C. MULTI-MODULE EXPERIMENT
The purpose of this testing is to demonstrate the change of the structure of the robot which has two groups of modules ( Fig. 18 , Group A and Group B). The process is to make the following operations: to dock M2 in Group A to M4 in Group B, to undock M4 from M3, and finally to bring M4 to Group A. Fig. 19 shows the process on the physical modules.
VI. CONCLUSION
This paper presented an on-going study of resilient robots with the passive joint and passive link and under-actuated structure. In our precious work, the architecture of this resilient robot was discussed along with the design of the basic module of the robot. This paper presented the physical realization of the module, kinematics necessary for changing the structure, and experimentation. Specifically, the experimentation was performed on a single module for its function along with the sensor for measuring the position, two modules for their connection and disconnection functions, and four modules to demonstrate moving one module from one group to another group by a sub-robot of the robot.
A conclusion can be drawn that the proposed concept of the resilient robot is feasible. The resilient robot is different from the self-reconfigurable robot in that the former is more general in terms of the structure change while the latter changes the system connectivity only. In terms of the structure of a robot, the resilient robot includes the passive joint and passive link, which allows the possibility that the system may still work even the actuator is damaged, especially degrading to a resolute joint (passive joint); while the self-reconfigurable robot is composed of modules that have the actuator and controller, or self-controlled and autonomous modules.
